Abstract: The water sector in the last 20 years has undergone radical paradigm shifts arising from the crisis of global proportions that have characterized the sector, prompting many international fora, including the Dublin conference in January 1992. One of the responses from academic institutions to this crisis is the development of computer-based predictive tools for better and more accurate prediction of the variables that affect water use and management. In the School of Civil and Environmental Engineering at the University of the Witwatersrand, attempts have been made to develop software to aid planning, management, and decision making in the water sector. Two of such software are Wadessy -a water distribution network design software, and a groundwater flow modelling software GEMFLOW that is based on the Green element method (GEM). Although their engines are quite robust and have been applied in field studies in Botswana and Zimbabwe, and compare favourably with published models, their elegance in terms of graphical user interface (GUI) is still rudimentary. The cost for their development has been mainly in the training of postgraduate students who have assisted in their development. Industry uptake has been very limited, which is one of the reasons why their GUIs are still rudimentary. With greater investment into the development and marketing of these and many other software, the potential exists to have "made-in-Africa" software with capabilities comparable, if not better than, those developed in more advanced countries. This paper reports on these software, compares these with similar initiatives in more advanced countries, and discusses the challenges in development, funding, and uptake by industry. The experiences described herein are most likely to be similar with other software development initiatives in subSaharan Africa.
Introduction
The design of water distribution systems (WDSs) has received a great deal of attention because of its importance to industrial growth and water's crucial role in society for health, fire-fighting, and quality of life, particularly in light of increased urban development and water use [1] . Water reticulation networks (WRNs) are essential components of all WDSs as they convey potable water from the source, pump station or storage to the consumers. The cost of these networks may amount to as much as 60% of the entire WDS [2] and as a result, operation and maintenance costs may soar higher if WRNs are ill designed [3] . WRNs also account for the largest costs in municipal maintenance budgets [1] . Despite often scarce resources, all governments are obligated to provide this resource. Since WRNs are composed mostly of pipes, pipe-sizing decisions have become critical in designing cost effective WDSs that are capable of handling varied demand loadings and satisfying minimum pressure head requirements [3] . Optimisation therefore provides an appropriate tool for achieving the best WRN designs.
To arrive at an optimal solution, an iterative simulation-optimisation algorithm is employed. Efficient hydraulic simulation (both static and dynamic) is based on modelling the continuity, conservation of energy and pressure head difference equations and determining the unknown variables using the Newton-Raphson iterative procedure on simultaneous equations generated using the nodal method. The Choleski Decomposition technique is employed to generate the matrix for computing node residual pressure heads. Based on either the Darcy-Weisbach or Hazen-Williams pipe friction equations, continuity is checked at each network node and if a violation exists, the entire simulation process is repeated. Output from the simulation include pipe flows and orientation, pipe head losses, friction factors, node residual pressure heads, draw-off at each source node, pumping heads and valve head losses. Solution optimization is accomplished by Genetic Algorithms (GAs) which are adaptive search algorithms premised on the evolutionary ideas of natural selection and genetics. They are amenable to especially problems in small and large systems that employ multiple variables, are stochastic in nature and operate under varying loading conditions such as is found in WRNs. Not only does GAs provide an effective method to solving such problems, they consistently out-perform other traditional methods. GAs proceed from the theoretical principle of implicit parallelism. This principle enables highly fit members of a population to receive increased numbers of offspring in successive generations and thus leads to fitter generations -more like the survival of the fittest.
The GA design tool presented in this paper (hereafter referred to as Wadessy -an acronym for Water Decision Support Systems) is employed to optimise WRN pipe sizes. For each pipe link, Wadessy recommends, at the most, two pipe segments which may have different pipe sizes and lengths. The individual lengths of the two segments must however sum up to the total length prescribed for that pipe link. The objective function for each Wadessy optimisation run is as summarised below:
where Cost pressure violation at each WRN node,n = ∑ = n i 1
(Pressure violation x node demand)
While Wadessy's modelling capability is with WRNs, GEMFLOW is a simulation model for groundwater resource evaluation. To achieve judicious management of a groundwater system requires not a good understanding of its hydrogeology but also suitable predictive model that captures the response of the aquifer to various recharge and pumping stresses that are as a result of various human activities. GEMFLOW is designed to serve as a predictive tool for proper management of aquifers. It is based on the singular integral theory of the boundary element method (BEM) that is implemented in a finite element sense. It has the capability of modelling confined and unconfined aquifers with parameters that vary in space (heterogeneous aquifers).
The time-dependent second-order differential equations which governed flow in aquifers are solved in GEMFLOW by transforming those equations into integral ones using Green's identity, and the resulting integral equations are solved in a discrete manner in elements which are used to discretise the flow region. GEMFLOW gives the liberty to dicretise the aquifer by a variety of elements: either linear or quadratic rectangular or triangular elements. For the unconfined flow problem which is nonlinear, the Newton-Raphson algorithm is used to linearise the nonlinear discrete equations.
Wadessy: Numerical experiments
Wadessy was employed to determine the least cost design of three popular WRN examples in literature. Below, results from this exercise are compared with other published WRN design models. Network two. Alperovits and Shamir [4] present the second example network (also shown in Fig 1) consisting of nine pipes (Pipe ref. [1] [2] [3] [4] [5] [6] [7] [8] [9] and eight nodes (Node ref. 1-8 including two fixed grade nodes). The operation of the network is studied under peak and night flow conditions. The range of commercially available pipe diameters and related costs are presented in [4] . All pipes have a Hazen-Williams pipe friction coefficient of 130 and a total length of 1000m (except Pipe ref. 9 which has a length of 100m). The minimum residual pressure head for all WRN nodes (except source nodes) is 30m. The results published by four authors are presented in Table 2 . The optimal solution achieved by Wadessy was obtained after running the optimisation procedure from several starting points. Amongst the four models, the minimum cost for Network two is that determined by Wadessy. The concept of an optimal solution here means the best solution found so far. Considering that the solution space for each WRN is so vast, it is not possible to ascertain that the minimum solution arrived at above is the global optimum solution. Wadessy's optimum solution for Network two generated a residual pressure head of 28.08m in node 6. This 28.08m value in node 6 violates the minimum pressure head recommended for that node (i.e. 30m) and hence, the solution would require further fine-tuning. A schematic representation of the optimised WRNs presented in Tables  1 and 2 would show each WRN tending towards a tree-shaped WRN.
Network Three. The Hanoi Network [5] consists of one reservoir, 31 demand nodes, and 34 pipes organized in 3 loops. No pumping facilities are considered since only a single fixed head source at elevation of 100m is available. The minimum nodal head required at all demand nodes is 30m. Diameters of commercially available pipes used and their costs per unit length are presented in [5] . All pipes have a Hazen-Williams pipe friction coefficient of 130. Find in 
GEMFLOW:
Examples GEMFLOW was applied to simulate the Bulawayo aquifer in Zimbabwe. Being a drought-prone region, the risk of reliance on surface water is quite high. That is evident from the 1991/1992 and 2002-2004 droughts. When such events occur, water rationing is imposed, and large percentage of the population resort to groundwater as alternative water supply. The relatively high quality of groundwater makes it even more attractive. The Bulawayo aquifer is modelled as a heterogeneous unconfined flow system with varying bedrock distribution and hydraulic conductivity and specific yield ranging from 0.1m/d to 1.4m/d and 0.024 to 0.11, respectively. The aquifer is discretised into 2892 triangular elements with 1513 nodes. The model was first calibrated with measured water table elevations measurements taken on May 7, 2002. An extended simulation was then carried out in order to estimate the aquifer safe or sustainable yield. Using the distribution of the hydrogeologic parameters obtained from the pumping tests, and a uniform recharge of 105.5 mm/yr pumping stresses were generated in such a way that the average drawdown at steady conditions does not exceed 10% of the average aquifer flow thickness of 40m using the April 2001 water levels as a reference. After a number of trial runs, we found that the total annual long-term sustainable yield of the aquifer is 6.1 Mm 3 , with distribution of the yields of various parts of the aquifer given in Fig 2. The figure is a valuable tool to Planners in identifying areas that are likely to have borehole failures and which require extensive field hydrogeological investigations before resources are committed to prospecting for groundwater.
546
Advances in Materials and Systems Technologies Another example is an 8.1km
2 unconfined aquifer located west of a river which shares a 4km boundary with aquifer. Eight wells are in operation with characteristics in Table 4 . The aquifer is recharged uniformly by precipitation at a rate of 2.2mm/day. The northern and western boundaries of the aquifer, denoted as AB and BC, are no-flux boundaries, while the southwestern boundary CD allows in a discharge of 1.7m 3 /d per metre length of boundary. The southern boundary DE is also a no-flux boundary. Initially the level of water in the aquifer and river is at 40m above the aquifer bedrock. Thereafter, the water level in the stream falls exponentially with depletion rate of 0.04day -1 . The hydraulic conductivity and specific yield of the aquifer are 21.2m/d and 0.2, respectively. The aquifer is discretised into 1023 triangular elements with a total of 560 nodes. With a time step of 2days, the water table contour at 180 days (6 months) is presented in Fig 3. The hydrographs at sections P 1 , P 2 , P 3 , and P 4 along the river are presented in Fig 4. The contour plot is indicative of the interaction between the wells, natural recharge, inflow from the stream and outflow from the boundary CD. 
Conclusion
In this paper, two software that are valuable tools for water resource planning and management have been discussed. One of them is Wadessy that employs a basic Genetic Algorithm for the optimisation of pipe sizes within a WRN. To test the efficiency of this model, three popular examples from literature and their published results have been used. Wadessy, while still in its developmental stages, shows good promise. The other is GEMFLOW which is groundwater simulation model that is based on the Green element method [9, 10, 11] . It is demonstrated with two examples, one of which is in evaluating the groundwater resource potential of the Bulawayo aquifer. These two models represent a few of the software that have been developed in the African continent for the water sector. They await uptake by industry for wider application and enhancement of their GUI so that they are user friendly. At river section P 1
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